Identifying genes and pathways involved in domestication is critical to understand how 21 species change in response to human-induced selection pressures. We experimentally 22 manipulated temperature conditions for F 1 -hatchery and wild Australasian snapper 23 (Chrysophrys auratus) for 18 days and measured differences in growth, white muscle 24 RNA transcription and haematological blood parameters. Over 2.2 Gb paired-end reads 25 were assembled de novo for a total set of 33,017 transcripts (N50 = 2,804). We found 26 pronounced growth and gene expression differences between wild and domesticated 27 individuals related to global developmental and immune pathways. Temperature 28 modulated growth responses were linked to major pathways affecting metabolism, cell 29 regulation and signalling. This study is the first step towards gaining an understanding 30 of the changes occurring in the early stages of domestication, and the mechanisms 31 underlying thermal adaptation and associated growth in poikilothermic vertebrates. Our 32 study further provides the first transcriptome resources for studying biological questions 33 in this non-model fish species. 34 35
INTRODUCTION 37
The domestication of plants and animals marks a major evolutionary transition and 38 ascertaining the molecular and physiological basis of domestication and breeding 39 represents a vibrant area of interdisciplinary research (Zeder 2015) . Compared to 40 terrestrial animals, the domestication of fish for human consumption started only 41 recently (Yáñez et al. 2015) and with the exception of a few species, such as the 42 common carp (Cyprinus carpio) or Nile tilapia (Oreochromis niloticus), most 43 domestication effort date back to the early 1980s (Balon 2004) . Consequently, most 44 cultured fish species have only slightly changed from their wild conspecifics (Olesen 45 et al. 2003; Li and Ponzoni 2015) . This represents a unique opportunity to study how 46 animals evolve during the transition from wild to captive conditions, as well as during 47 the first generations of domestication. 48
For pokilothermic species such as fish, temperature plays a profound and 49 controlling role in their biological functioning (Fry 1971 Rapid growth is a key determinant of commercial farming success, and is 71 heavily modulated by the ambient temperature (Mininni et al. 2014; Bizuayehu et al. 72 2015; Besson et al. 2016) . Moreover, growth is frequently correlated with a number 73 of life-history traits, such as gonad maturation and reproductive timing (Schaffer 74 1979; Thorpe 1994; Devlin and Nagahama 2002) . Consistent with the complex 75 associations of growth with other traits is the finding that the genetic architecture of 76 this trait is typically polygenic and determined by a complex network of genes (Filteau 77 et al. 2013; Wellenreuther and Hansson 2016) . This complexity makes it challenging 78 to understand the specific genetic and physiological determinants that underpin 79 faster growing phenotypes that need to be targeted when selectively breeding for 80 enhanced growth. 81 For many commercially valuable species, selective breeding programmes 82 have been initiated to produce strains that have an improved tolerance to domestic 83 5 conditions and develop more quickly into a marketable phenotype (Olesen et al. 84 2003; Bernatchez et al. 2017 ). Understanding how domesticated organisms have 85 been transformed from their ancestral wild type is valuable both from a genetic and 86 evolutionary perspective, and provides fundamental information for future 87 enhancement of strains through selective breeding. Genetic differences between wild 88 and domesticated individuals can arise in three main ways. First, they can be 89 inevitable by-product from a relaxation of natural selection pressures in captive 90 conditions (Hutchings and Fraser 2008) . By virtue of being raised in an artificial and 91 controlled setting, farmed populations undergo inadvertent genetic changes because 92 fish experience stable temperatures and no natural predators or significant foraging 93 challenges. Second, intentional domestication selection (e.g. to enhance 94 commercially relevant traits) and inadvertent or novel natural selection (e.g. the 95 amount and quality of space provided) tend to favour fish that survive best in 96 domesticated conditions, which can affect linked characteristics. Third, the often 97 small population sizes of farmed species can cause strong genetic drift and 98 inbreeding which can reduce the level of genetic diversity, increase the frequency of 99 deleterious alleles, or overwhelm the strength of artificial selection and eliminate 100 commercial important variation (Taberlet et al. 2011) . This third process is commonly 101 observed in the rapid loss of standing genetic variation in domesticated strains 102 following a few generations of selective breeding (Hill et al. 2000) . 103
Due to the recent domestication history of many fish species, they provide an 104 ideal model for investigating the genetic changes associated with domestication and 105 captive breeding because there are still natural populations that can be used as a 106 reference (Mignon-Grasteau et al. 2005) . Several studies to date have investigated 107 6 the effects of domestication on fish gene expression patterns (Roberge et al. 2005; 108 Devlin et al. 2009; Sauvage et al. 2010 ), but these are almost entirely focussed on 109 salmonid fishes. Moreover, much less work has been conducted to dissect the more 110 specific changes responsible for accelerated growth in selectively bred strains. 111
Indeed, while the factors and pathways underlying differential growth in mammals 112 have been established in considerable detail, knowledge of the relevant genes 113 involved in growth variation in fish is much more limited (Fuentes et al. 2013) . This is 114 due to the relative lack of fish-specific molecular tools and functional studies, and 115 compounded by the extra level of complexity in fish genomes due to whole genome 116 duplication and the subsequent rediploidization event(s) (Volff 2005) . 117
Here we explore temperature induced growth and stress responses in wild and 118 domesticated strains of the Australasian snapper Chrysophrys auratus to gain a 119 better understanding of the domestication process and identify the genes and 120 pathways important for growth in teleost fish. This marine species has a distribution 121 from 25 to 40º S in temperate and sub-tropical waters in New Zealand and Australia 122 and is highly valued by commercial and recreational fisheries (Parsons et al. 2014 transferred to the PFR facility the same day (and thus had time to acclimatise in the 144 hatchery for at least 10 months prior to the trial). The domesticated C. auratus strain 145 was raised from naturally spawned larvae propagated from wild caught broodstock 146 held at the PFR Nelson Seafood Research Facility. Prior to experimentation both 147 populations were acclimatized in separate 5000 litre tanks provided with flow-through 148 filtered seawater at ambient temperatures and light conditions. Both wild and 149 domesticated C. auratus were fed on equivalent rations of mixed fish pieces, 150 commercial aquaculture pellet (3 mm, Nova ME; Skretting, Cambridge, Tas., 151 Australia) and an in-house formulated gel diet consisting of 21.3% Protein, 2.7% 152 Lipid, 5.6% Carbohydrate, 7.7% Ash, 62.7% moisture. All rearing, holding and 153 8 sampling procedures were performed using standard hatchery practices in 154 accordance with New Zealand's Animal Welfare Act (1999) . 155
Twenty fish from each of the wild and domesticated strain (also referred to as 156 genotypes) were weighed, measured and imaged, under anaesthesia (20ppm AQUI-157 S®, AQUIS NZ Ltd, Lower Hutt, New Zealand) and moved into four 800 litre tanks (2 158
x 10 wild-caught and 2 x hatchery reared C. auratus) supplied with 1µm filtered, UV 159 sterilised, temperature-controlled flow through seawater (35ppt salinity, ambient 160 temperature = 17.0°C). Once split, each tank consisted of either ten wild caught or 161 domesticated C. auratus individuals. 162 Different thermal regimes were generated following a five day period of 163 preconditioning at a nominal temperature of 17.0°C. One part of the wild caught and 164 one domesticated strain were exposed to a temperature decrease of 1.0°C day -1 165 while the remaining other wild and domesticated strain were exposed to a 166 temperature increase of 1.0°C day -1 . Following the five day period of 167 increased/decreased temperatures the desired temperature differential of either 13.0 168 or 21.0°C was established, henceforth referred to as low and high temperature 169 treatments, respectively. These temperatures were chosen to reflect seasonal 170 differences that these strains would experience in their local environment (i.e. winter 171 and summer temperatures). Temperature loggers (HOBO, Onset Computer 172 Corporation, MA, USA) showed that the thermal environment for the duration of the 173 experiment maintained the desired treatment temperatures, with the low treatment 174 having a mean temperature of 13.8°C and the high treatment having a mean 175 temperature of 21.9°C, with minimal variation across the experiment (absolute 176 maximum differences in the low and high treatment ±1.7°C and ±0.5°C, respectively).
9
Throughout the experiment, fish were maintained solely on the commercial 178 pelletized (Skretting) diet described above at a ration equivalent to 2% body-mass 179 per day, provided on a daily basis. Dissolved oxygen levels were checked multiple 180 times per day to ensure levels were kept at >90% and tanks were cleaned every 3-4 181 days. Once the desired temperatures were reached, the experiment was allowed to 182 run for 18 days. Supplementary Table 1 ) at the Beijing Genomics Institute Shenzhen, China. 217
Sequence data processing and de novo transcriptome assembly 218
All samples were used for the transcriptome assembly, but only the white muscle 219 samples from the temperature experiment were used for the gene expression study. 220 
Differential gene expression and genotype x environment interaction 238
We first investigated genotype x environment interaction (GEI) from gene expression 239 levels using a GLM approach (temperature x genotype) with the 'glmFit' function and 240 a likelihood-ratio test implemented in the R package edger (Robinson et al. 2010 ). 241
We only considered genes with false discovery rate (FDR) < 0.01 to be significant. To 242 further quantify the additive effect of temperature and genotype, we conducted a 243 GLM approach (temperature + genotype) on the dataset with prior removal of gene 244 with significant interaction term. Genes were considered significantly expressed 245 when FDR < 0.01 and |logFC| ≥ 2 (e.g. a fourfold difference between treatments). 246
Co-expression network analysis 247
Signed co-expression networks were built using the R package WGCNA following For module visualization we selected the top 30 genes (hereafter called hub genes) 261 based on the kME values. The resulting gene networks were plotted with Cytoscape 262 v3.5.1 (Shannon et al. 2003) . 263
Gene ontology and KEGG pathway visualization 264
Gene enrichment analysis were conducted using GOAtools v0.6.5 (Klopfenstein et al. 265 2018) based on the go-basic database (release 2017-04-14). Our background list 266 included genes used for the gene network construction (after removing low-267 expressed genes, n = 13,282; see section above). Only GO terms with p-adj < 0.05 268 and including at least three genes were considered (Supplementary Table 2 ). We 269 13 matched each DEG to corresponding KEGG pathway via the online web server 270 KAAS (Moriya et al. 2007 ). The respective KEGG pathways were plotted using the 271 Pathview R package (Luo and Brouwer 2013) . 272
RESULTS AND DISCUSSION

273
Phenotypic changes 274
Upon termination of the experiments marked phenotypic differences were observed 275 between genotypes and temperature treatments (Table 1, Figure 1 ). At the beginning 276 of the trial we measured slight and non-significant differences in starting mass and 277 length between the wild and domestic C. auratus, and at the end of the trial, these 278 differences increased and were statistically significant, favouring the domestic 279 genotype (Table 1) . Temperature-related growth differences were also visible with 280 either genotype achieving a significantly larger growth (length and mass) gains in the 281 high temperate treatment (Table 1) . Moreover, low temperature had a profound effect 282 on growth rate, with a net effect of near-zero growth in the domestic strain and 283 negative growth (a reduction in mass) in the wild. This may indicate that the 284 domesticated strain is more resistant to cold stress than the wild strain, but also is 285 more responsive to increases in temperature, each of which benefits maintenance 286 and growth respectively. 287
Transcriptome assembly quality and completeness 288
We used a total of 2.2 Gb paired-end reads to assemble a raw transcriptome 289 containing 242,320 transcripts (215 million bases). The final reference assembly 290 14 (after filtering) based on the different tissues types and replicate individuals 291 represents a set of 33,017 transcripts (N50 = 2,804; GC content = 48.6%; Table 3 ). 292
The final transcriptome completeness evaluation with BUSCO v1.1b (Simão et al. 293 2015) indicated that 96% of the highly-conserved single-copy metazoan genes 294 (n=978) were present in the transcriptome sequence (including 89.5% complete and 295 present a single-copy). Transcriptome annotation resulted in 26,589 transcripts 296 matching 17,667 Uniprot-Swissprot entries (e-value < 10 -6 ; Table 3 ) for a total of 297 11,985 transcripts associated with at least one of the Gene Ontology terms. For 298 downstream expression analysis, only genes actually expressed in muscle (log CPM 299 < 1 in at least two individuals) from the final assembly were retained, resulting in a 300 total of 13,282 transcripts. 301
Gene expression effects associated with domestication 302
We found that 206 genes were differentially regulated between wild and first-303 generation domesticated C. auratus (FDR < 0.01; |logFC| > 2), with 150 genes being 304 up-and 56 down-regulated in wild individuals (Table 4 ). The overall percentage of 305 domestication affected genes is thus 1.5 % following one generation in the hatchery, 306 which may include the effects of human artificial selection, founder effects, genetic 307 drift and inadvertent selection due to the new rearing environment or to the selection 308 of traits correlated to the traits of interest. In addition to that, it should also be noted 309 that the differences in the environment of domesticated and wild fish during the larval 310 and juvenile phase, could have effected the long-term gene expression, and that 311 some of these have persisted even though fish were acclimatised to hatchery 312 conditions for over 10 months before the trial started. The gene ontology analysis 313 15 revealed that the most enriched GO terms were involved in a strong global defense 314 response (GO:0006952) and immune response (GO:0006955) ( Supplementary Table  315 2), both of which were more highly expressed in the wild strain. Interestingly, among 316 the most strongly differentially expressed genes, we found that two serum amyloid 317 proteins (A-1 and A-3) were heavily downregulated in the F 1 -domestic C. auratus 318 fish. Proteins or mRNAs of the serum amyloid A family are highly conserved have 319 been identified in all vertebrates investigated to date and function as major acute 320 phase proteins in the inflammatory response (Uhlar and Whitehead 1999) . The co-321 expression network analysis identified a single module with highly significant 322 genotype correlation (|R 2 | > 0.75; p-value < 0.001), namely the darkorange2 module 323 (R 2 = 0.88). This module contained 94 genes and showed no significant enrichment, 324 but tendencies for increased glutathione metabolic processes (GO:0004364) and 325 transferase activity, transferring alkyl or aryl (other than methyl) groups 326 (GO:0016765). Furthermore, the most negatively correlated module with genotype 327 was the antiquewhite2 module (n = 1,227; R 2 = -0.69), which showed enrichment for 328 adaptive and innate immune response functions (GO:0002250 and GO:0045087, 329 respectively), defense responses (GO:0006952) and a positive regulation of the 330 Mitogen-Activated Protein Kinase (MAPK) cascade (GO:0043410) and ELK3 coding 331 gene (antiquewhite2 module). 332
In fish, the domestication process has been shown to influence metabolism, 333 behaviour and chronic stress and immune response (Álvarez and Nicieza 2003; 334 Millot et al. 2009; Douxfils et al. 2011a Douxfils et al. , 2015 . In the first fish study on this topic, 335 Roberge et al. (2006) showed that juvenile Atlantic salmon (Salmon salar) had gene 336 expression differences for at least 1.4 and 1.7% of the expressed genes following 5-7 337 16 generations of domestication. Of the differentially expressed genes they found a 338 general reduction in basal metabolic rate and an increased metabolic efficiency in 339 farmed juvenile salmon compared to its wild counterpart, favouring allocation of 340 resources towards growth and fat deposition. This finding is consistent with the faster 341 growth and higher fat yield in domesticated salmon from the same source (Rye and 342 Gjerde 1996) . Interestingly, they also detected two genes coding for MHC antigens 343 were more highly transcribed in some farmed salmon presumably in response to 344 selection for disease resistance. implicitly associated with investigations involving wild caught fish. Additional studies 376 will help to elucidate whether the patterns we observed result from different life 377 history traits between genotypes (e.g. exercise, contact with pathogens, acclimation 378 to captivity, different environmental and nutritional conditions in early life) and/or are 379 the result of relaxed or novel selection in the early domestication processes. 380
Temperature had a major effect on gene expression 381
To quantify the extent of gene expression variation associated with temperature and 382 identify differentially expressed genes, we used a combined multivariate analysis 383 (Redundant Discriminant Analysis; RDA) and GLM approach with an additive effect 384 18 design (e.g. by removing the gene in the interaction, see Methods for details). 385
Overall, temperature had the most profound effect on variation in expression 386 explaining 47.2% of the total variance ( Figure 2 ). This corroborates the differential 387 expression analysis whereby (despite stringent filters FDR < 0.01; |logFC| > 2) we 388 found a large number of genes (n = 1,461) differentially regulated between 389 temperatures with 736 up-and 725 down-regulated genes in the high temperature 390
relative to low temperature condition (Table 4 ; Figure 3 ). The gene ontology analysis 391 on the total DE genes revealed that most enriched GO terms included tRNA 392 aminoacylation for protein translation (GO:0006418) and sister chromatid 393 segregation (GO:0000819), suggesting important differences in protein synthesis and 394 cellular multiplication, both of which are key processes in myogenisis and somatic 395 growth in fish. 396
We further dissected the global response to temperature using a co-397 expression network analysis, which has been shown to be particularly relevant for the 398 functional analysis of non-model species (e.g. Filteau et al. 2013 ). We identified a 399 total of 37 modules associated with a temperature response, but chose to only 400 focused on 13 modules of these, based on whether they were significantly correlated 401 (p < 0.01) with either temperature and/or genotype (Figure 3) . A total of four modules 402 showed a highly significant correlation (|R 2 | >0.75; p-value < 0.001) with temperature, 403 with three being positively [blue (0.84), darkviolet (0.95), mediumorchid (0.84)] and 404 one being negatively correlated with temperature [bisque4 (-0.95)]. Four other 405 modules, the magenta4, brown4, darkseagreen3 and lavenderblush2, showed a 406 significant (p < 0.05) yet lower correlation with temperature, (R 2 = -0.67, 0.65, 0.66 407 and -0.66, respectively). We validated the level of association by computing the 408 19 mean gene significance value for each module and found that most correlated 409 modules show the highest absolute mean gene significance to temperature (Figure 3 ; 410 Supplementary Table 2 ). We also found that 81.4% of the DEGs between 411 temperature treatments were for the four most strongly correlated modules in the 412 WGCNA analysis, which was a finding consistent with our network construction. 413
Finally, a gene ontology enrichment analysis was conducted for each module (gene 414 ontology enrichment results are compiled in Supplementary Table 2 ). 415
We went on to investigate the role of genes in the co-expression network in 416 the global transcriptomic response by identifying several major genes associated with 417 rapid growth, thermal compensation and/or a post-acclimation response. The 418 network co-expression analysis revealed that the four modules that were most 419 responsive to temperature (blue, darkviolet, mediumorchid and bisque4) were also 420 strongly correlated to SGR and LGR growth traits (Table 1 ), suggesting that these 421 modules are either directly involved or linked to growth modulation, independently of 422 the genotype. For the blue module (n = 1,404 genes) we again found significant 423 enrichment (p-adj < 0.05) for amino acid activation (GO:0043038) and (GO:0043039) 424 in accordance with our results for the DGE, but also for the generation of precursor 425 metabolites and energy (GO:0006091), oxidoreduction coenzyme metabolism 426 (GO:006733) and electron chain transport (GO:0022900). For the darkviolet module 427 (n= 169 genes), we found significant enrichment for the haemoglobin complex 428 (GO:0005833) and oxygen transport activity (GO:0005344). For the mediumorchid 429 module (n = 1,370 genes), we found significant enrichment for global cell adhesion 430 and metabolism, including extracellular structure organization (GO:0043062), 431 collagen metabolic process (GO:0032963) and multicellular organism metabolic 432 20 process (GO:0044236). Finally, the bisque4 module (n = 2,063 genes) showed 433 enrichment for functions involved in peroxisome structure and activity including 434 protein import into peroxisome matrix, docking (GO:0016560) and peroxisomal 435 membrane (GO:0005778). We also found that the module brown4 (n = 93 genes) 436 had enrichment for protein folding (GO:0006457), negative regulation of transcription 437 from RNA polymerase II promoter in response to stress (GO:0097201), as well as 438 tendency for a response to heat function (GO:0009408; p-value < 0.001; p-adj = 1). 439
Gene ontology enrichment results are compiled in Supplementary Table 2 . 440
We also identified hub genes, which are reported as core regulating genes, 441 within the most relevant four modules correlated to temperature based on their 442 modular membership (kME) values (Figure 3) . The hub genes selection identified key 443 actors in the global temperature response within each module, often known as key 444 regulators on biological pathways. Among the blue module, we identified several t-445 RNA ligases but also the YTH domain-containing family protein 2 and the eukaryotic 446 translation elongation factor 1 epsilon-1, that play a role in RNA protection following 447 heat stress and DNA protection after damage, respectively ( undergoing high levels of beta-oxidation or triglycerides synthesis. The modulation of 499 these transport processes corresponds with significant differences in circulating 500 triglyceride levels (Table 1) . Also associated with this process is the apparent 501 'glucose sparing' response and concomitant switch from carbohydrate to lipid based 502 metabolism, inferred by the upregulation of both of beta-oxidation by ACC2 and 503 gluconeogenic pathways via the PEPCK and phosphofructokinase / fructose 504 23 bisphosphate mediated metabolic pathways ( Figure S4) . Similarly, down-regulation 505 of N-terminal glutamine aminohydrolase -a hub gene of the mediumorchid pathway 506 that favours the production of glutamate -was observed in the high temperature 507 treatment. It is only that glutamate has recently been shown to present a major non-508 carbohydrate based energy substrate for skeletal muscle in fish (Weber et al. 2016; 509 Jia et al. 2017) . 510
The extensive reorganisation of C. auratus metabolism across their natural 511 temperature range presents an interesting area of future research, particularly with 512 consideration of the vast seasonally-dependent growth differences evident. 513
Moreover, the molecular mechanisms underlying the notable thermal plasticity 514 present in many fishes are still poorly understood. Differential expression of genes 515 has been investigated as a cause for phenotypic plasticity in three-spine stickleback 516 
Parallel and non-parallel reaction norms 524
A total of 35 genes showed parallel reaction norms whereby both wild and 525 domesticated fish showed the same gene expression responses to temperature (i.e. 526 significant effects of temperature and genotype; Figure 2 ). We further tested the 527 24 hypothesis that temperature may impact gene expression but differently according to 528 the genotype (interaction between temperature and genotype effects in a non-529 additive fashion; i.e. non-parallel reaction norms). To detect Genotype by 530 Environment Interactions (GEI effects), we used a glm approach and a likelihood 531 ratio test implemented in edgeR using the normalized data (Robinson et al. 2010) . 532
Only one gene, the Aryl hydrocarbon receptor nuclear translocator-like protein 2 533 (Baml2), showed a significant GEI (FDR < 0.01; Figure 5 (Millot et al. 2009 (Millot et al. , 2010 . The contrasting responses to temperature 544 depending on the genotype background for some of the core regulators suggest that 545 selection for a specific trait in aquaculture is also dependent of the rearing 546 environment. More studies will be required to tease apart the responses to selection 547 from any domestic environment-induced or plasticity effects that could occur during 548 the larval rearing phase. Nevertheless, plasticity has significant impacts on the 549 genetic gain calculation in many livestock breeding programs (Mulder 2016; Nguyen 550 et al. 2017) , and will be an important parameter to assess for newly domesticated 551 species, including fish. 552
CONCLUSIONS
553
Although fish domestication has received considerable interest for many years from a 554 range of disciplines, modern large-scale genomic technologies and newly formed 555 captive populations provide a unique opportunity to shed light on an important and 556 well-documented evolutionary change for aquatic species. In this study, we combined 557 GLM based approaches to investigate synergistic effects of recent domestication and 558 temperature effects on gene expression regulation in the Australasian C. auratus. 559
Coupling differential expression clustering and gene co-expression networks allowed 560 us to begin to untangle the complex mechanisms of growth modulation during the 561 first steps of selection and acclimation to domestication conditions. Our study shows 562 that recent domestication and temperature had combined effects on muscle gene 563 expression levels. We observed that temperature affected primarily HSPs responses 564 as well as tissue development and cell turnover while genotype mainly affected the 565 global immune response. Only a single gene (Baml2), crucial for circadian rhythm 566 control, was affected by GEI. Admittedly, the present study only assayed a single 567 tissue and further investigation at the brain or hormone producing tissue would 568 produce a better understanding of the role of behavioural changes and immune 569 responses that occur during the first few generations of domestication selection. Our 570 study adds to the small number of previous studies that showed that gene expression 571 responses can change rapidly following a few generations of domestication. 572
TABLE AND FIGURE LEGENDS
824 Table 1 : Phenotypic values of wild and domesticated C. auratus used in the low 825 and high temperature treatments. Errors in brackets are sem, n=8. All 826 physiological traits were measured upon termination of the experiment. 827 
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